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Dynamical control of matter wave splitting using time-dependent optical lattices
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We report on measurements of splitting Bose-Einstein condensates (BEC) by using a time-dependent optical
lattice potential. First, we demonstrate the division of a BEC into a set of equally populated components by
means of time dependent control of Landau-Zener tunneling in a vertical lattice potential. Next, we apply
time dependent optical Bragg mirrors to a BEC oscillating in a harmonic trap. We demonstrate high-order
Bragg reflection of the condensate due to multi-photon Raman transitions, where the depth of the optical lattice
potential allows for a choice of the order of the transition. Finally, a combination of multiple Bragg reflections
and Landau-Zener tunneling allows for the generation of macroscopic arrays of condensates with potential
applications in atom optics and atom interferometry.
PACS numbers: 03.75.Be, 37.10.Jk, 03.75.-b
I. INTRODUCTION
The advent of Bose-Einstein condensates (BEC) as a source
of coherent matter waves has revolutionized the field of atom-
optics [1]. In recent years, the understanding has emerged
that optical lattices provide a particularly rich tool for the ma-
nipulation of these coherent atomic ensembles [2, 3]. Optical
lattices allow e.g. for the realization of ordered and disordered
lattice potentials, closely mimicking the situation in solid state
materials [4]. These systems can thus be viewed as quantum
simulators for the solid state case. In addition, the ability to
adjust the lattice parameters, even during a single experimen-
tal sequence, enables fundamentally new investigations in pe-
riodic potentials.
Experiments with quantum gases in optical lattices can
roughly be divided into a static and a dynamic case. In
the static case optical lattices have e.g. enabled funda-
mental investigations of many-body phase transitions [4–7]
and allowed for interferometric combination of matter waves
through tunneling [8].
In the dynamic case, pulses of optical lattice light have al-
lowed for the manipulation of matter waves in the Kapitza-
Dirac as well as Bragg regime. In the Kapitza-Dirac
regime [9], a short pulse of optical lattice light projects be-
tween quasi-momentum and free momentum states of a Bose-
Einstein condensate. The resulting atomic diffraction pattern
is frequently used for lattice depth calibration [2, 10] and
has recently been used to recombine matter waves interfer-
ometrically in free space [11, 12] and in a harmonic confine-
ment [13]. When the interaction time between the lattice and
the BEC is longer the Bragg regime is entered. In this regime
the propagation within the band structure causes the appear-
ance of numerous interesting physical phenomena. In par-
ticular when atoms are driven by a constant inertial force in
an optical lattice, Bragg diffraction can occur [14] and atoms
can undergo Bloch oscillations [15, 16]. When the edge of
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the Brillouin zone is reached during these oscillations both
Bragg reflection and Landau-Zener tunneling [17] can take
place, depending on the size of the band gap. In the case
of BECs accelerated from a stationary state, atoms can be
Bragg reflected at the edge of the first Brillouin zone involv-
ing a two-photon Raman process, or a Landau-Zener transi-
tion from the lowest band to the first excited band can occur.
Higher order Bragg reflection involving a higher-order Raman
process has also been observed using moving standing wave
pulses [10, 14] and Fourier-synthesized optical lattices [18].
Moreover Landau-Zener tunneling has been used as a tool
to measure the optical lattice depth as well as the effects of
the mean-field interaction between the atoms in the conden-
sate [19]. Recently, long lived Bloch oscillations of conden-
sates in a vertical lattice have been achieved by suppressing
the atomic interactions [20, 21] wich provides a novel avenue
for atom interferometry.
Although both the ground state and the dynamical proper-
ties of quantum gases have been investigated in detail, to date,
only relatively few experiments fully exploit the possibility of
dynamically controlling the lattice properties synchronously
with the evolution of the quantum state.
Within the experiments presented here this is realized by
dynamically controlling the depth of an optical lattice in syn-
chrony with the evolution of a Bose-Einstein condensate. We
investigate two distinct scenarios. In a first experiment we
initiate Bloch oscillations in a vertical lattice under the con-
stant force of gravity. Time-dependent control of the Landau-
Zener tunneling rate enables us to realize a controlled matter
wave beam splitter and a coherent matter wave source with
controlled output coupler. In a second set of experiments we
investigate the coherent splitting of a Bose-Einstein conden-
sate by pulsing on an optical lattice, corresponding to a time-
dependent partial Bragg mirrors, in the presence of an external
magnetic trapping potential
This allows us to investigate a matter wave splitter based on
high-order Bragg reflection. It also enables the production of
arrays of BECs by taking advantage of the anharmonicity of
our trap. Although this impedes the interferometric recombi-
nation of BECs in our particular apparatus, the method may in
the future lead to new interferometric avenues. This work thus
extends the toolbox of splitting and recombination techniques
from Kapitza-Dirac scattering [11–13] to the well-controlled
matter wave manipulation with Bloch oscillations.
The paper is organized as follows. In Sec. II we briefly
introduce our experimental setup. Section III reviews Bragg
reflection and Landau-Zener tunneling in a periodic poten-
tial. The experimental results of time dependent Landau-
Zener tunneling in free space are presented in Sec. IV. Finally
Sec. V introduces matter wave splitting and high-order Bragg
reflection in the harmonic trap.
II. EXPERIMENTAL SETUP
The experimental setup has been described in Ref. [22]
and only a brief summary is given here. Initially about 109
87Rb atoms are captured and cooled in a magneto-optical
trap, subsequently these atoms are transfered into a magnetic
quadrupole trap and transported mechanically to a science
chamber. There, further evaporative cooling is performed in
a quadrupole-Ioffe configuration trap (QUIC) [23] and Bose-
Einstein condensates with typically about 3×105 87Rb atoms
in the F = 2,mF = 2 state are obtained. For optimal over-
lap with the optical lattice the magnetic trap is decompressed
yielding trap frequencies of 12.3 Hz and 38.4 Hz in the axial
and radial direction respectively.
The optical lattice is derived from a single mode diode
laser operating at λLat = 914 nm, subsequently amplified
in a tapered amplifier. The lattice is formed along the ver-
tical direction by a retroreflected beam (1/e2 waist of 120
µm). Atoms are loaded from the magnetic trap by adiabat-
ically ramping up the lattice potential in a 100ms s-shaped
ramp. The lattice depth can be varied from 0− 30Erec, where
Erec = h
2/(2mλ2
Lat
), and adjusted with a time resolution on
the order of µs.
Following the experiments, the condensate is released and
resonant absorption images are taken after a variable time-of-
flight expansion tTOF.
III. THEORETICAL BACKGROUND
The field of cold atomic gases in optical lattices has at-
tracted immense theoretical attention over the past decade [4,
24]. Here, we limit our discussion to the relevant case of a
Bose-Einstein condensate in a one dimensional optical lattice
with particular emphasis on the phenomena of Bloch oscilla-
tions, Bragg reflection and Landau-Zener tunneling.
The dynamics of a condensate in an optical lattice is gov-
erned by the band structure of the periodic potential. As the
lattice is raised, the quadratic energy spectrum of a free par-
ticle splits into bands which are labeled by the eigenenergies
En(q) with the eigenstates |n, q〉, where n = 0, 1, 2, 3... de-
notes the band index and q the atomic quasi-momentum. The
bands are separated by energy gaps whose size depends on
the lattice depth. As a consequence, the dynamics of an atom
moving in such a potential is dramatically altered compared
to the free case.
When an atom is subject to a force along the lattice axis,
the band structure can cause the atom to start oscillating in-
stead of being constantly accelerated. These so-called Bloch
oscillations occur, due to Bragg reflection at the edge of the
Brillouin zone at quasi-momentum h¯kr, where kr = 2pi/λLat
is the wave number of the lattice. The Bloch period is given
by τB = 2h¯kr/mRba, where mRb is the mass of a rubidium
atom and a is the acceleration. It corresponds to the time it
takes for the atoms to be accelerated from one end of the Bril-
louin zone to the other. This oscillation can also be interpreted
as a harmonic oscillation in a matter wave cavity. If the lat-
tice beams are arranged to create a periodic potential along the
vertical direction, a condensate can be held against gravity for
several seconds in a sufficiently deep lattice potenti9al, while
the atoms perform Bloch oscillations [21].
In addition to the oscillatory behavior, tunneling between
bands can occur at the edge of the Brillouin zone. In particular
when the lattice potential is reduced and the band gaps narrow,
so-called Landau-Zener tunneling between Bloch bands starts
to occur. If the atom moves with an acceleration a through
the avoided crossing of the En−1(q) and En(q) bands, the
tunneling probability is approximately given by [17]
Pt(n) = exp
(
−
ac(n)
a
)
= exp
(
−
pi∆2n
4nkrah¯
2
)
(1)
where we give the generalized expression for tunneling be-
tween bands n and n − 1 for later reference. Here ac(n) is
the critical acceleration and ∆n is the size of the band gap
at the quasi-momentum nh¯kr. In the experiments described
in Sec. IV the acceleration is given by gravity (a = g) and
in Sec. V the acceleration is determined by the slope of the
harmonic potential at the position of the atoms.
Atomic interactions can modify this behavior, however, the
work presented here is restricted to the linear regime where the
tunneling probability follows the Landau-Zener formula. Ex-
perimentally the tunneling probability is set by controlling the
optical lattice depth and can be suppressed completely when
the lattice depth is increased.
IV. DYNAMICAL CONTROL OF A MATTER WAVE BEAM
SPLITTER
In a first set of experiments we demonstrate that time-
dependent control of the Landau-Zener tunneling rates en-
ables the realization of a controlled matter wave beam splitter
and output coupler.
The splitting mechanism relies on the evolution of the
atoms in the combined lattice and gravitational potential. The
atoms start to perform Bloch oscillations and each time they
reach the edge of the Brillouin zone a fraction of atoms can
tunnel to a higher band. If the lattice depth is chosen such
that atoms in higher bands with n ≥ 1 are not bound, these
atoms start to fall under the influence of gravity. Thus the
condensate is split each time the edge of the Brillouin zone
is encountered and atoms with n ≥ 1 fall out of the lattice
while Bragg reflected atoms remain trapped. Figure 1 shows
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FIG. 1. (Color online). (a) Landau-Zener tunneling probability of a
condensate between the two lowest energy bands in an optical lattice
as a function of the lattice depth. The solid line represents Eq. (1)
and the dots show the experimental results. The height of the dots in-
dicates the representative standard deviation (3%). (b) Experimental
images corresponding to the upper graph.
the measured Landau-Zener tunneling probability as a func-
tion of lattice depth, obtained from the fraction of tunneled
to remaining atoms after a single Bloch oscillation. The very
good agreement with Landau-Zener theory based on an inde-
pendent measurement of the lattice depth confirms that inter-
action effects can be neglected.
If the tunneling probability is held fixed and the initial atom
number is N0 the number of atom tunneling out of the lat-
tice on the n’th Bloch period is N0(1 − Pt(1))n−1Pt(1) and
N0(1− Pt(1))
n atoms remain in the lattice. This mechanism
was indeed used in the first experiments with Bose-Einstein
condensates in optical lattices [8] and later investigated in de-
tail [16, 19, 25].
Alternatively however, the dynamical control available in
experiments with optical lattices can be used to taylor the out-
coupling. If the lattice depth is controlled synchronously with
the Bloch oscillation period, the tunneling rate can be con-
trolled individually for each tunneling event and thus the frac-
tion of outcoupled atoms can be determined at will.
Within our experiments, the following sequence is used to
employ this mechanism as a controllable beam splitter. After
production of a Bose-Einstein condensate the magnetic trap
is switched off to release the atoms. During this process the
atoms receive a small initial upwards velocity v = 9 mm/s
and reach q = 0 after 920 µs due to gravity. The Bloch os-
cillations are initiated by turning on the lattice at a depth suf-
ficient to completely suppress Landau-Zener tunneling (typi-
cally 2.4 Er) just before the atoms reach the Bragg momen-
FIG. 2. (Color online). The condensate is divided into n sub-
condensates using time-dependent control of the tunneling probabil-
ity. In order to produce n sub-condensates with the same fraction,
the tunneling probability is controlled by adjusting the lattice depth
for each Bloch cycle. For example, tunneling probabilities of 1/6,
1/5, 1/4, 1/3, 1/2 are used to produce 6 clouds with the same size
(standard deviation 6%) as shown on the right.
tum (h¯kr). The lattice depth is ramped up within 200µs which
is fast compared to the Bloch period of τB = 1.0 ms and
sufficiently slow to ensure that the free space momentum is
mapped to the corresponding quasi-momentum. To tailor the
emission of matter wave packets we then adjust the lattice
depth for each subsequent Bloch oscillation to enable con-
trolled Landau-Zener tunneling based on Eq. 1.
Figure 2 shows that the condensate can thus be divided
intom equally sized sub-condensates by varying the tunneling
probability according to 1/m, 1/(m − 1), ..., 1/2 for subse-
quent Bloch cycles and releasing the last one without split-
ting. The time-dependent control of the optical lattice depth
can also be used to completely suppress the tunneling by in-
creasing the lattice depth. Note that these images allow for
a measurement of the tunneling probability and thus a cal-
ibration of the lattice depth with a single realization, rather
than measuring the atom number that remains trapped after
multiple Bloch periods τB [19]. In Fig. 3 we illustrate such
controlled splitting of matter waves within six Bloch oscilla-
tion periods by releasing three matter wave packets with the
same size while blocking the tunneling for the remaining three
Bloch periods.
The precise control of the emission of matter wave packets
demonstrated here is available for several tens of Bloch oscil-
lations and is well suited as a beam splitter or outcoupler. In
particular, as described below, it allows for the realization of
large momentum transfer beam splitters [10, 26] and may thus
be useful for atom interferometry. Moreover, the outcoupler
presented here can be employed if a set of quasi-momenta are
present in an optical lattice. In that case, produced e.g. by
3
FIG. 3. (Color online). The condensate is divided into 3 sub-
condensates which are produced within six Bloch cycles. The first
(bottom) and last (top) wave-packets are released in Bloch oscilla-
tion cycle 1 and 6. The third one between them is released during
cycle 2, 3, 4 or 5, while tunneling is completely suppressed for the
remaining Bloch cycles.
phase-matched scattering [27–29], a set of matter waves may
oscillate in the lowest band with different phases, and each
one can be emitted selectively with the time-dependent out-
coupler. Hence the dynamical control of out-coupling can act
as a phase-resolved matter wave beam splitter and thus pro-
vide a phase-matched coherent matter wave source.
V. MATTER WAVE SPLITTING IN HARMONIC
CONFINEMENT
In a second experiment we investigate the coherent split-
ting of a BEC with an optical lattice in an external mag-
netic trapping potential. This method relies on precisely
timed optical lattice pulses to split BECs using Bragg reflec-
tion and Landau-Zener tunneling during the oscillation in a
harmonic trap. In particular, this allows us to investigate a
large momentum transfer matter wave splitter based on high-
order Bragg reflection and enables the production of arrays
of trapped BECs by multiple splitting using time-dependent
partial Bragg mirrors. A related procedure has recently been
realized using Kapitza-Dirac scattering, allowing the imple-
mentation of atom interferometry by subsequently recombin-
ing the split clouds [13].
In sections III and IV we have discussed the dynamics of
a BEC oscillating in the zeroth band as it is being acceler-
ated across the band edge by the force of gravity. If, on the
other hand, the condensate is decelerated from a high momen-
tum, Landau-Zener tunneling between higher excited bands
and higher order Bragg reflection can occur depending on the
lattice depth. In an external harmonic trap, this process can
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FIG. 4. (Color online). High-order Bragg reflection scheme. Half of
the condensate is reflected (red arrows) on BM1 (left), BM2 (middle),
and BM3 (right), which correspond to first-, second-, and third-order
Bragg reflection, respectively. The transmitted fraction undergoes
complete Bragg reflection at the following Brillouin zone boundary
(light blue arrows) or propagates freely (black arrows) if the lattice
is turned off. (a)-(e) refer to the individual pictures in Fig. 6.
occur when the condensate is decelerated while approaching
one of the classical turning points.
Figure 4 illustrates this process in an extended Brillouin
zone picture of the band structure for three different lattice
depths. With increasing lattice depth, band gaps between
higher bands appear, which in turn means that higher orders
of Bragg reflection can occur. The lattice depths are chosen
to have a tunneling probability of about 0.5 for the respective
transition and thus realize a partially reflective Bragg mirror.
We denote the partially reflecting Bragg mirror at the transi-
tion from band n to band n− 1 by BMn.
For example, when a condensate is decelerated from large
momentum at a lattice depth of 5 Er, half of it is Bragg re-
flected from BM2 while the other half is transmitted into the
first band. This fraction is then fully reflected at BM1 as it
reaches q = h¯kr and hence stays in the first band. In real
space this means that the Bragg reflected part reverses direc-
tion of propagation and is accelerated towards the trap center.
The transmitted part continues to be decelerated and is subse-
quently reflected on BM1 before reaching the classical turning
point.
In the following, two experimental investigations based on
this mechanism are discussed.
A. High order Bragg reflection
Bragg reflection for atoms can also be described as a multi-
photon Raman process, in which an atom with an initial mo-
mentum of p = nh¯kr, in the direction of one of the two light
beams forming the lattice is transferred to a state with mo-
mentum p = −nh¯kr. The integer n is the order of the Bragg
reflection, and obviously 2n photons are exchanged between
the atoms and the light field.
To implement high momentum transfer using a harmoni-
cally oscillating BEC, the magnetic trap is suddenly shifted
along the vertical direction by increasing the current to the
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FIG. 5. Harmonic oscillation of a Bose-Einstein condensate. The
dots show the measured in-situ positions and the solid line is a fit
with a frequency of 51.2 Hz and amplitude of 89.6 µm. P1 and P2
indicate the first and second turning points, respectively. The time-
dependent optical lattices are pulsed on when the condensate is close
to the turning points (see text).
QUIC coil. Due to this displacement, the BEC undergoes
harmonic motion with an amplitude of rmax = 89.6 µm
and oscillation period T = 19.5 ms as illustrated in Fig. 5.
This displacement results in a maximum acquired momentum
pmax = mRbωrmax ≈ 6h¯kr. For future reference we define
the first and second turning points at t = T/2 and t = T as
P1 and P2, respectively. After initiating the harmonic motion
of the condensate in the magnetic trap, we apply the lattice at
varying times shortly before reaching P1. This allows us to
implement an initial quasi-momentum in bands n=1,2, and 3.
Since the duration of the lattice pulse is short compared to
the total oscillation period, T , the dynamics of each individual
Bragg reflection occurs at a single spatial point. This means
that the force (which is spatially dependent in a harmonic trap)
is constant for the duration of the lattice dynamics. Knowing
this force enables us to adjust the lattice depth to implement a
tunneling probability of about Pt(n) = 0.5.
Experimentally, we apply a 1 ms lattice pulse as the mo-
mentum reaches 1, 2, and 3 h¯k for lattice depths of 1.1Erec,
5.0Erec, and 13.5Erec respectively. For the lowest lattice
depth (Fig. 6 a) this lattice pulse indeed results in a 50/50
splitting, followed by a brief period of propagation in the
lattice for both clouds. The release and subsequent time-of-
flight (tTOF = 12ms) hence gives two clouds separated by
xTOF =
2h¯kr
mRb
tTOF [30].
For the deeper lattices, the first pulse also realizes a 50/50
splitting on BMn followed by a complete Bragg reflection of
order n − 1 for the part that tunneled to a lower band (light
blue arrows in Fig. 4). By turning off the lattice before the
tunneled part reaches q = −nh¯kr we again observe two peaks
separated by xTOF but shifted by approximately nxTOF com-
pared to the 1.1Er case. This can be seen in Fig. 6 b) and
d), where the motion in the harmonic confinement in the time
between BMn and BMn−1 gives an offset (notice that BMn
and BMn−1 occur at very different points in the harmonic
HaL HbL HcL HdL HeL
FIG. 6. (Color online). High-order Bragg reflection images. The
condensate is split by the interaction with optical lattices with the
depth of (a) 1.1 Er, (b) and (c) 5.0 Er, (d) and (e) 13.5 Er. See
Fig. 4 for a graphical explanation of the distribution.
motion in the external potential).
The second, full Bragg reflection can be avoided by turn-
ing off the lattice before q = (n − 1)h¯kr is reached. In this
case, illustrated in Fig. 6 c) and e), we observe a cloud unaf-
fected by the lattice and one shifted by nxTOF (black arrows
in Fig. 4).
This series of matter wave splitting demonstrates a large
momentum transfer beam splitter (LMTBS), which was pre-
viously realized using accelerated optical lattices in Refs. [10,
26]. Our experiments thus show that these higher-order Bragg
reflections can be manipulated precisely by controlling the lat-
tice depth and pulse timing.
B. Arrays of trapped BECs
An interesting application of the beam splitting process is
the production of many independent BECs in the harmonic
trap. We realize this by pulsing on Bragg mirrors before both
turning points (P1 and P2) in the harmonic trap are reached.
To experimentally generate a prototype of macroscopic mat-
ter wave packet arrays, we first divide a BEC into one pair
of matter wave packets which is separated by 2h¯kr momen-
tum difference along the vertical axis, and then add a second
partial Bragg mirror.
Figure 7 shows the resulting matter wave packets after the
individual steps of this procedure. A Bragg mirror (BM1) with
tunneling probability of Pt(1) = 0.5 is pulsed on briefly be-
fore the condensate reaches the turning point P1 to produce
two equally split condensates with 2h¯kr momentum differ-
ence. Figure 7 (b) shows the split wave-packets released fol-
lowing a reflection at the classical turning point P2 (which in
the terminology of this paper can be thought of as a perfect
magnetic mirror). Due to the gravitational shift, the principal
axes tilt around the trap minimum [31] and for the large os-
cillation amplitudes realized here, the mismatch between the
5
Braggmirror
Turning point (P2)
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FIG. 7. (Color online). Production of wave packet arrays. (a) The
initial BEC released after harmonic oscillation. (b) The BEC is split
into two clouds after employing the Bragg mirror (BM1) prior to the
turning point P1. The two clouds are not vertically aligned due to the
transverse motion (see text). (c) The split clouds are split again using
the Bragg mirror (BM1) at P2. Thus, pairs of sub-BECs are pro-
duced. (d) Schematic representation of the recombination process.
local orientation of the principal axes of the potential and the
vertical oscillation results in coupling into the transverse de-
grees of freedom. This induced motion is not harmonic and
we have measured ∆z = 3.5 µm at t = T/2. Figure 7(b)
shows this deviation.
In order to split the clouds again, we apply a second Bragg
pulse in the vicinity of the turning point P2 at the time when
the two clouds are spatially overlapped but have opposite mo-
menta (q ≈ ±h¯kr). The Bragg reflected part of the first cloud
now has the same momentum as the transmitted part of the
second and vice versa. Figure 7(c) shows the time-of-flight
image obtained by turning off the magnetic field 2 ms after
passing the second turning point P2. As can be seen, the devi-
ation from harmonicity of our trap allows for the production of
arrays of distinguishable wave packets. The disadvantage is,
however, that it is not possible to recombine the wave packets
interferometrically.
In a final experiment we extend this method to the produc-
tion of large arrays of wave packets. To do this, we increase
the duration of both lattice pulses above the Bloch oscilla-
tion time. First, a long lattice pulse produces an array of
four condensates using BM1 around P1 (see Sec. IV). Then,
these clouds are split again by BM1 around P2. As shown in
Fig. 8(a) we observe a pyramid-shaped arrays of condensates.
The process is schematically represented in Fig. 8(b). Unlike
the experiment described above, the second lattice pulse is on
while all sub-clouds are moving towards the classical turn-
ing point. The part of the first cloud that was Bragg reflected
is seen as the single cloud in the bottom row. The transmit-
ted part continues and hits BM1 simultaneously with the sec-
ond cloud coming from P1 but with opposite momentum. The
transmission of one and the reflection of the other explain the
two clouds in the second row. Similarly, the third and fourth
rows can be explained.
In principle an arbitrary amount of rows containing four
atomic clouds with decreasing atom number can be produced
by leaving the lattice on. In this demonstration, we turn off
the lattice before the quadruple reaches the turning point again
resulting in the images shown in Fig. 8.
In this experiment the Bragg mirror acts as a partial mirror
and the turning point a perfect (magnetic) mirror. As can be
seen in Fig 6(b) and Fig. 6 (d), the magnetic mirror can be re-
placed by Bragg mirror. We have verified that the same pyra-
(b)(a)
FIG. 8. (Color online). Production of arrays of matter waves. (a)
Experimental image and (b) schematic representation of the recom-
bination of four identical matter waves on partial Bragg- and perfect
magnetic mirrors.
midal arrays can be observed by increasing the lattice depth
and never reaching the turning point.
VI. SUMMARY
In summary, we have demonstrated coherent matter wave
packet splitting using time-dependent control of the intensity
of standing light waves. In this way the tunneling proba-
bility in each Bloch oscillation period can be precisely ad-
justed to control the outcoupled fraction and suppress tunnel-
ing completely with possible application as a precise matter
wave source.
We have furthermore demonstrated the dynamics of a BEC
in a combined potential consisting of a magnetic trap and an
optical lattice. By setting the BEC in motion with a sudden
displacement of the harmonic trap and pulsing on an optical
lattice we have demonstrated complete control of high-order
Bragg reflection of a BEC. Furthermore, we have produced
matter wave packet arrays by pulsing on the interaction with
Bragg pulses around both turning points in a harmonic trap.
This wave packet manipulation in an atom resonator resem-
bles a misaligned Fabry-Perot resonator, where light enters
and undergoes multiple internal reflections.
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